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and Stanlay E. Moore 


SOMMASr 

An analytical metbod has been dereloped that glTes two inde- 
pendent means of obtaining the total -temperature ratio across a 
ram Jet or across a turbojet tall -pipe btimer without di3»ot 
measurement of the final gas tmnperature. Experimental Terifioa- 
tion of this analysis has been obtained with a 20 -inch ram. Jet 
over a wide range of operating conditions. Either method of 
eTaluatlon described can be used to deteisiine the final gas toteO. 
temperature of a ram Jet or turbojet tail-pipe burner, a tempera- 
ture that is usually too hl£^ for simple direct measurement. 
Inasmuch as the thrust of a ram Jet is dependent upon the value 
of the total -temperatvire ratio, these methods of evaluation also 
provide the basis for two general types of engine fuel-metering 
control. 


IBTROIIOCTIQB 

In the Initial developmental stages of the steady-flow ram 
Jet, the fuel flow to idle engine was manually adjusted by means 
of a throttle in the fuel line In order to allow for variations 
in altitude, airspeed, and fuel-air ratio. (See references 1 
to 3.) Manual control of the fuel flow is expedient for test- 
stand, wind-tunnel, and flying test-bed studies of the resn. Jet 
but is unsatisfactory for piloted-fll^t application. 

The need for a fuel-metering control was recognized at an 
early stage In the development of the ram Jet and several systems 
have been proposed, developed, and vised. The simplest system is 
a constant fuel -flow control, which is limited In application to 
an engine designed for constant ocmbustion-chamber conditions and 
is satisfactory at only the design airspeed and altitude. ' 
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Another general type of fuel -metering control being studied, 
but not. yet dereloped, uses the engine back pressure, -which is 
raried by controlling the fuel flow, to position the shock in -the 
supersonic diffuser. The shock posit Icm is detected by a statlc- 
pressuire vall-orifioe surrey. Such a control is applicable only at 
supersonic speeds. 

Host of the other proposed fuel -metering controls are designed 
to maintain a constant preset fuel -air ratio and operate in a man- 
ner similar to the carburetors of reciprocating engines. Several 
of these omtrols have been developed and at least one has been 
used successfully in free flight. These devices are limited in use, 
however, because they neglect -bhe -rariation in the total -temperature 
ratio across the ram Jet, 

Beferences 4 to 6 indicate that at any gl-ven airspeed and 
altitude the net tbrust coefficient of a given ram Jet is dependent 
upon the total-teraperature ratio across the ram Jet and the exhaust - 
noEsle --throat area. In the design of a ram- Jet fuel-metering con- 
trol, emphasis should therefore be placed not only on the control 
of the fuel-air ratio, w-hlch is but one of the several factors 
affecting the total -temperature ratio, but on -the actual control of 
the value of the temperature ratio. 

If -fche final gas temperature could be directly measured, it 
would be a slnQ>le matter to evaluate the total -temperature ratio 
and -bhen control its actual value by varying the fuel flow; however, 
the temperature values desired for high thrust output and achieved 
by -bhe gases in a ram Jet under moat operating conditions are above 
any Isnown practical means of direct measurement. Until a simple 
practical means of directly measuring -these high temperatures is 
developed, an Indirect me-bhod of obtaining the total-teraperature 
ratio must therefore be applied. 

An analysis of the process of heat addition in constant-area 
combustion chambers as applied to ram- Jet or turbojet tail-pipe 
burners Indicates two possible means of determining the total- 
temperature ratio from, engine pressures and temperatures that are 
recullly measured: (l) the static -pres sure -drop method, -vdiloh Is 

based on a relation between -bhe total -temperature ratio and the 
static -pressure-drop ooeffloient across the ram- Jet oombusticm 
chamber; and (2) -the ocrabustion-ohamber-lnlet Mach number method, 
which is based on a z*elatlon between the total -temperature ratio 
and the oorabustion-ohaiober-lnlet Mach number. 

These relations are developed, their experimental verification 
is presented, and -their relative meri-bs are discussed. In addition, 
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BOTeral total-tenperature-ratlo meter deslgos (hereiaafter referred, 
to as "T-meter”) are proposed. These deslgos pororiae a spipie 
meaoB of eTalaatlng the tot -temperature ratio and also provide 
the has Is for ram-^et fuel-metering controls using the total- 
temperature ratio as the control varlahloc 
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The following sjodsols are used In this analysis: 
cross-sectional area^ square, feet 
acceleration of gravity, feet per second per second 
Mach number 

mass flow, slugs per second 

total pressure, pounds per square foot absolute 
static pressure, pounds per square foot absolute 
static -pressure drop, pounds per square foot 
dynamic pressiire, pounds per square foot 
gas constant, foot-pounds per pound per 
total temperature, ^ 
static tea^rature, °E 
velocity, feet per seocnd 

ratio of speolflc heat at cmsuant pressure to 
specific heat at oonatant volume 

ratio of mass flow at combustion-chamber outlet m 5 
to mass flow at combust Icm-chantber inlet m^ 

density, slugs per cubic foot 

total -temperature ratio across ram Jot, Tg/l^ (vhere 
Tj. is taten as equal to Tq) 
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a, a' 
B, B«, 
•b, b» 

G 


X 



const aorta 


c 

h 


Subscripts : 

0 fve9 streaoa 

r 

1 snpezsonlc-^lffuaor Inlet 

2 suptarsonio -diffuser tbroat 

3 diffuser exit and coabustloa-ohstitber Inlet 

4 station loimsdlately dovnstreanL of burner 

5 ooBBibustlan-obsjaber outlet 

6 aodiaust-nossle tboroat 

X between stations 2 and 5 but upstreasi of point of 

fuel Injection 


AFFiffiATDS ASD FBOCEDOSE 

The ea^erlnental data presented were obtained in an Investiga- 
tion of a typical 20-lnoh oram Jet in the Cleveland altitizde wind 
tunnel. The engine was mounted In the wind-tunnel test section 
below a 7-foot chord wing, which was suppoorted at the tips by the 
wind-tunnel balance frame. Hry zefirLgerated air was supplied to 
the ram. Jet throu£^ a pipe from the wind-tunnel suike-up air duct. 
This air was available In the make-up air duct at approximately 
sea-level pleasure and was throttled to provide the desired total 
pressure at the diffuser inlet. The ram Jet exhausted directly 
into the wind tunnel where the static pressrize was varied to obtain 
different values of ram-pressure ratio across the engine. 

This Inste^latlon eliminates the need for a supersonic dif- 
fuser; the subsonic diffuser used In this Investigation began at 
station X (fig. 1) . For data presented as a function of f ree- 
stream Mach number Mq, an equivalent Mq calculated from a 
pressure ratio Is used. For values of Mq less than 1, the 
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subsoalo -diffuser-inlet total loressure vas taken as the free-stream 
total pressure. For values of Mq greater than 1^ the measured 
diffuser-inlet total pressure vas adjusted in accordance vith the 
ratio of the total pressures across an assumed supersonic diffuser. 
This pressure ratio vas taken as the theoretical pressure ratio 
across a nomal shook at the throat of a convergent -diyergent super- 
sonic diffuser designed to allov shock entry at the pertinent 
Kq value. 

Restraint of the model by the ram pipe vas obviated by a 
sealed slip Joint inserted between the ram pipe and the diffuser 
inlet. The tunnel balance system could then be used to measure the 
engine thrust. The value of the final gas total temperature vas 
computed from values of engine thsrust and gas flow (references 5 
and 6 ) . A survey rake vas rised to determine the diffuser-inlet 
total pressure the diffuser-inlet static pressure pt^^ and 

the diffuser-inlet total temperature T^. These pressures and tem- 
peratures vere used to compute the air flow through the engine. 

The combustion-ohamber-inlet static pressure vas taken as the 
average of five static -pressure vall-orifice readings; the static 
presstire inmediately downstream of the burner p^. vaa obtained 

vith a n lr>g lft static -pressure vail orifice^ and the oomibUBtion- 
ohamber-outlet static pressure vas taken as the average of 

seven static-pressure vall-orifice readings. A rotameter vas used 
to measure the fuel flov to the engine. 

The range of operation covered by the data presented includes 
eq,uivalent free-stream Mach numbers Mq from 0.64 to 
combust ion-chamber -inlet Mach numbers M 3 from 0.09 to 0.18, pres- 
sure altitudes from 10,000 to 35,000 feot, fuel -air ratios from 
0.028 to 0.065, combustion efficiencies from 52 to 79 percent. 
The total tmaperature Tx vas held at ^0° F end the fuel- 
injeotion temperature vas held at 200® ±10° F, 

IMCEEMIHATIOH OF TOTAL^TEMEKBATOBE RATIO BY 
STATIC-PKBSSCIRE-IiROF MEPffOD 
Analysis 

In applying the static -pressure -drop method 6 f determining 
the total-temperature ratio to the problem of obtaining ram-Jet 
exhaust-gas tmaperatures, a general expression relating 'Uie oon- 
diticHis before and after heat addition to a nonviscous oompressihle 
fluid flowing in a constant -area tube is used: 
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o / ^5“^ 2\ 

1 + 75 1 
^ + ^5 \^1 + 1 %^/ 


( 1 ) 


TMs eqtiatlon. Is based oa otie<>dliosnslonal-flcnr relations *wfl. is 
derived in the appendix as eq,uation (A9) . 

The solution of the square Gf equation (1) is plotted in 
figure Zy 'uhioh gives the variation of the coobustlon-ohamber- 
outlet Mach number Mg vLth the ocmbustion-chambeiv inlet fitach 

2 /13i T \ 

number hf^ and the quantity \i f 5 5 \ -Toi? = 1.4 and 

\®3 ^3/ 

7 g = 1.3. These assumed values approximate those encountered in 
actual engine operation. The curves in figure 2 show the change 
in the Mach number of gases flowing throu^ a constant >area tube 
caused by the addition of heat to the gases. Turbulence losses 
introduced by a flame holder, which have been Included in similar 
data pz^sented in reference 7, are not included here. It can be 
assumed for simplicity that all the fuel has already been intro- 
duced at station 3; then p. <= 1. ]ji addition, ^ 5^3 can be 
assumisd equal to 1 with little error. If these assumptions are 
made, the curves of figure 2 give directly the variation in Mg 
with changes in Tg/Tg and Mg. 

An expression for the static -pressure drop in gases flowing 
through a constant -area tube resulting from the addition of heat 
is given by the following equation in terms of dynamic pressure 
at the tube inlet and Mach number and ratio of specific heats 7 
at the tube inlet and outlet: 


P; -P5 . K ’'s\ . 3. 

\i + rs 1%7 W yj 


This expression Is derived in the appendix as equation (All) . 

When data from figure 2 are Substituted into equation (2) and 

the expression solved, the variation of — with and 

/ ^^3 

\ 3 ^ for 7 g = 1.4 and 7 g « 1.3 can be obtained (fig. 3). 
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A similar cunro In terms of the total>preasure loss Is given In 
reference 8 . The choking line in figure 3 is the condition at 
'Which Mg heccmss equal to 1.0. 


The data of figure 5 have heen cross -plotted in figure 4 in 

P-x Pc o ^*5^ 

order to shov the variation hetveen ^ and u I — at 

E. ^3 Is/ 

constant -values of If is assumed to he equal to 1^ 

^3 

at a given value of H 3 the curves of figure 4 indicate an 

approximately linear relation between ^s /^3 ® 

limited range of variation of T 5 /P 3 * Hie range of variation of 
^ 5/^3 over which this approximation holds decreases at larger 
values of M 3 . If 1% is small, q^ can he expressed as F 3 - P 3 , 
and -when the assumption of linear variation hetveen and 

2 qg 

T 5 /T 5 is applied, equation ( 2 ) can he approximated hy the general 
form 


P3 - P5 
^3 ■ P 3 


f 


(3) 


where a* and h* are constants peculiar to the configuration «nd 
the range of T 5 /F 3 and 1 ^. 

An expression of the type given hy equation (3) can ho derived 
for the total -pressure loss across a constant -area ccnhustion 
chamber (reference 9) and used to evaluate the ram-Jet ezhaust-gas 
temper at vire (reference 10 ) ; however, the actual measurement of the 
total pressure in a high-velocity, hl^-temperature gas stream is 
difficult, -whereas the static pressure can he measured easily -with 
a static wall orifice. 


Equation (3) is an expression relating -bhe conditions before 
and after heat addition in a combustion chamber in which friction 
has heen neglected. In an actual combustion chfonher, -bhe over-all 
static -pressure loss can he measured and divided, as suggested in 
reference 9, into combustion losses «nd friction losses. Because 
the effect of any fuel addition after station 3 is negligible, the 
static-pressure dz^op • between stations 3 and 5 can then he given In 
terms of the dynamic pressure at station 3 as 



friction 


^5 


r^?3-4 




^ Tmmer ^3 shell, 



comhustlcai 


( 4 ) 


Because the friction static -pressure *drop coefficient for a 
given engine ccmf Iguratlon remains, in practice, essentlallj 
constant vlth the changes In heat addition usuall 7 encountered, a 
measurmaent of the over-all static -pressure-drop coeffi- 


cient 


03 


can be used to give a measure at the ccmbustloa 


static -pressure -drop coefficient 




The general 


combustion 


foim of equation (3) may thus be applied to the over-all static - 
pressure drop Instead of to merely the combustion static-pressure 
drop, ■«rtiloh Is difficult to evaluate In practice. In the discus- 
sion that follows, (pj-Pg) therefore r^ers to the over-all 


static -pressure drop across the combiistlon chamber. 


If fuel Is Introduced In the diffuser upstream of station 3 
In order to allow premixing of the air and the fuel before com- 
bustion, it may be desirable, in using eg.uatlon (3) for evaliiating 
Tg/Tg, to measure conditions at station 3 by other means than con- 
ventional total- and static -pressure tubes, which may become 
plugged with fuel. Of several methods available, an indirect 
means of obtaining the value of the quantity P 3 -P 3 was chosen 

for this Investigation. From the expression for the oonsdrvatlon 
of mass (neglecting the change in mass due to fuel addition) and 
within the Incoa^ressible-flov restrictions, it can bo shown that 




Pi 


P3 


(5) 


Station x was chosen in the dlfftiser upstream of the point of 
fuel injection, but downstream of the assumed shock at station 2 , 
The aotueO. value of p, was determined with a static vail orifice. 
The experimental data indicate that for a 20 -inch ram Jet and a 
value of of 0.5 the variation in the quantity 
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vas Terj all^t over the entire range at vliicli the rant Jet vas 
operated, even vith preheated fuel Injected upatrean of station 3, 
Equation (S) can therefore he reduced to 

I’S " ®3 “ o(Px-Px) (S) 

where c la a constant expressing the quantity 

If eq.uatlon (6) la suhatituted into equation (3), the relation 
expressed equation (3) can he glTen In tezma of conditions at 
station X 


P3 - Ps 
I*! “ 



(7) 


The total-temperature ratio across the engine inore 

near It* a measure of engine perfozraanoe -than Tg/T^. . If the tem- 
perature rise in the exhaust nozale is assumed to he negligible, 

Tg can he substituted for Tg. In addition, the tao^erature 

difference between the point of fuel Injection and the ocahust Ion- 
chamber Inlet maT* he assumed to he negligible and T^ substituted 

for Tj. ^nation (7) then hec<Mes 



El 

?x 



a • T 


+ h 


( 8 ) 


If the constants a and h are Imown, the measurements 
required for the calculation of Tg from equation (8) are simple. 
The temperature T^ can he measured with a thermocouple or an 
expansion or resistance-bulb theimcmeter. The total pressure 
can be measured with a totsil -pressure tube. The static pres- 
sure p_ can be measured with either a static -pressure tube or a 

static wall orifice and static pressures p^ and Pg can be 

measured with static wall cs^lflces. The effect of the flame -holder 
pressure drop can be eliminated b^ using a static pressure p^ 

measured imme dlpteT j dovnstre^ of the flame holder instead of p^. 
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Xzperlmeiital Yerlf Ication 

Expertmratal data obtained during altltude-vlnd-tunnel InTes- 
tlgatlona of a typloal 20 -lnoli raa-Jet configuration are presented 
In figure 5 In the f oxm suggested by equation ( 8 ) . The over-all 
static -pressure-drop coefficient across the ocanbustion chaznber Is 
presented in this figure as a function of the total -temperature 
ratio across the engine Tg/T^. The experimental data Indicate 

that the substitution of Tg^x equation (7) can 

be made successfully. 


Also given in figure 5 are the values of combust Ion-chamber - 
Inlet Mach number M 5 for representative data points, and, the 
static -pressure -drop coefficient across the flame holder as a 
function of the total-temperature ratio across the ram Jet. The 
data Indicate that the flame -holder static -pressure -drop coeffi- 
cient Is constant and does not vary with t. 

The data in figure 5(a) were obtained with a 20-inch ram Jet 
having an 8 -foot oombustlon chamber and a 2 -foot converging exhaust 
nozzle with a 15-lnch exhaust-exit dlazneter. Data for the same 
ocmbustlon-chamber length with converging nozzles having 17- and 

isf^-inch-exlt diameters are presented In figures 5(b) and 5(c), 

4 

respectively. Data for a 5 -foot ocmbustloa oliamber with 15- and 
17 -Inch exhaust -nozzle exit diameters are presented In figures 5(d), 
and 5(e), respectively. 


The experimental data substantiate, with little scatter, the 
trends Indicated by the theory and show that the general f ona of 
equation ( 8 ) can be applied to any of the configurations. The 
mean curve drawn through all the data^ figure 5(a) is given by 
the simple linear expression 


P5 ~ P5 
?x " Px 



0.50 


(9) 


and is Independent of actual values of altitude, airspeed, fuel -air 
ratio, and ccanbustlon efficiency. The same curve has been drawn 
throu^ the data of figures 5(b) and 5(c) and, as in figure 5(a),. 
there Is little scatter of the experimental data. The same expres- 
sion (equation (9)) has therefore been used to give the relation 
between the over-all static -pres sure -drop coefficient across a 
given oombustlon chamber and the total -temperature ratio for a 
variation in exhaust -nozzle area of 56 to 88 percent of the 
combustion-chamber area. 
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« The apparent insensltlYltf of the conetants In eguatlcn (9) to 

^ large changes in the area ratio hetveen the oombustlcai chasiber 

the exhaust nozsle is a desirable feature heoause It vlll permit 
the use of the general form of equation (8) 'sith ram. Jets haTlng 
Tar lahle -area exhaust nozzles. 

Yarlatlon in the internal friction losses vlll cause a change 
in the constants a and h of equation (8) . The changes In these 
constants effected by shortening the ccmbustlon chamber Is 'indi- 
cated b 7 a ccmparison of figures 5(a)^ 5(b). and 5(c) for an 8-foot 
coaibustion chamber and figures 5(d) and 5(e) for a 5-foot ccmbus- 
tlon chamber. The relative insensitivity of -Uie constants In 
eqtiatlon (8) to nozzle diameter is again demonstrated in fig- 
ures 5(d) and 5(e); the same linear curve has been drawn on both 
figures, la this case, however ^ the curve Is given by the 
expression 

= 0.682 - 0.60 (10) 

‘ ?x Vx/ 

and differs from, equation (9) only because of the decreased shell- 
friction pressure drop. 

- During operation some heat vlll be lost thxrou^ the ocmbustlon- 

ohamber valla to the ambloit atmosphere or to a cooling medium; 

' however, the relations developed are still valid and, fuartheimore, 

* within the restrictions of one -dimensional flow, these relations 

can be applied to constant -area combustion ohaxabers of arbitrary 
shapes . 

In addition to the application to a ram Jet, a preliminary 
study of experimental data Indicates that the analysis presented 
oan also be applied to a constant -area tail -pipe burner on a 
turbojet engine, which ml^t be expected because the tall -pipe 
burner on a turbojet engine is essentially a ram Jet. 

The analytical develoxment that resulted in equations (l) and 
(2) assumed that heat was being added to gases flowing through & 
constant-area cosiibustlon ohamber . On some ram Jets, heat may be 
added to the gases in a diverging or converging combustion chamber. 
The develojiaent of a general expteesslon for the process of heat 
addition in such a combustion chamber is difficult because the 
manner rate at fdilch the heat addition is accomplished deter- 
mines the pressure and Mach number changes. The nearest approach 
to a general ea^resslon that can be given for iJils typo of process 
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is eq,uatlon (A6). The slDQ)le method of obtaining T frca tlie 
static -pressure drop across the combustion chansiber outlined herein 
cannot he dlrectl 7 used for heat addition In a nonunlf <nrm-area 
ccObustlon chamber. 

Based upon the success aohlered In replacing a ncuiunlfosn- 
area ccnibustlon chamber with an equivalent constant -area chamber 
for purposes of calculation, as was done In reference 9, a linear 
relation maj also result betvem t and the pressure drop In a 
nonunlfozm-area combustion chamber. 


Application 

The relation betveen the statlc-pressure-drop coefficient and 
T has lonedlate application In the design of: (l) a T*meter and 

a final -gas -temperature Indicator, and (2) a fuel -metering control 
to permit the lo^aetting of t b^ore take-off or, if desired. 

Its variation In fll£^t. 

Two general T-meter designs, which also provide the basis 
for a fuel-metering control, are proposed. The first design Is 
mechanlcaLL; the second design utilises an electrical circuit to 
Indicate the value of t. These designs can be used at both sub- 
sonic and supersonic flight velocities. From the fuel -metering 
aspect, the designs are developed onijr to the point where an 
IndicatlOTL is given If a change In fuel flow is required and 
whether the change should be an Increase or a decrease in fuel 
flow. The mechanism tar actuall 7 changing the fuel flow Is a 
detail of the fuel STstem used and will not be discussed. 

The over-all static -pressure loss can be expressed, as pre- 
viously indicated. In the form of equation (8) For an applica- 
tion In which T Is constant, equation (8) can be reduced to an 
even simpler fona as 


P3 ■ Ps “ °^^x “ Pr) 

where C is a constant replacing the term (a > t -i- b ). 

Expressions such as equations (8) and (ll) may be applied 
to T -meters utilising a multiple dlaphraga or a bellows syetem. 
Such a meter provides the basis for a fuel -metering control. A 
schematic diagram, of a T-meter that utilises a bellows system 
and Is based on mechanical principles Is Illustrated In fig- 
ure 6(a). The position of the fulcrum is fixed by the cc»stant 0 
In equation (ll). If diaphragms are used Instead of bellows, a 



ISkOk BM No. X7E27 


13 



fixed fulcrum posltloa can ~be replaced 137 a series cf diaphragns of 
glYen area ratios. If the ran Jet Is operated orer a range of 
T TeJLueSj the fulcrum position can he zoade adjustable and cali- 
brated in texns of t according to equation (8) . 

A needle pivoting vlth the balance arm ^out the fulcrum 
Indicates i^ether the STstem is balanced and whether the engine is 
operating at the desired Talde of T. If the system Is out cf 
balance, the needle will indicate whether an Increase or decrease 
In T (and consequently In fuel flow) .is required to obtain 
balance. 

The schematic diagram of a T-mster using a Wheatstone bridge 
circuit, also based on equable. ( 8 ), Is shown In figure 6 (b). The 
actual pressure differences can be obtained vlth bellows or dia- 
phragms and are made to vary a resistance In the circuit that is 
proportional to the pressure difference. When used as a T-meter, 
the resistance a * t in figure 6 (b) la varied until the bridge 
Is balanced. This resistance is calibrated in terms of T and the 
value of T is thus determined. When used in a omtrol systam, 
the meter will show the amount and direction of t unbalance. 

This indication can then be used to cause a variation in the fuel 
flow as required until a balance in the bridge is restored, thus 
Indicating that the value of T desired has been obtained. 

A variation In the exhavust -nozzle area at a given value of 
Mq and T will also cause a variation In the net thrust of the 

engine. If these su gg ested fuel-meteidng systems are i 2 sed with 
ram Jets having adjustable-area exit nozzles, a thiruat calibration 
In terms of A 4 as well as Mq and T Is therefore required. 

mSMINATION (F T0TAL<^T1»£!EBATDI!]S RATIO E7 MACE NUMBER MEEEOD 

Anftly alw 

The Mach number method of determining T differs from, the 
static -pressure-drop method in that the Mach number method uses 
only a measure of the ocaobustlon-ohamber-lnlet dynamic and static 
pressiires In evaluating T. In applying this method to the deter- 
mination of T, an erpression based on the oonservatlon of mass 
that relates conditions at the combust Ion-chamber inlet to those 
at the e:diaust -nozzle throat Is used. This relation Is given by 
the following equation: 


^uutfiiisuiim^ 
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1/2 



( 12 ) 


Aa MqpresslOTi similar to this equation Is derlyed In the appendix 
as equation (A 6 ). 

Sereral simplifying assumptions are 3 *equlred hefore equa- 
tion ( 12 ) can he reduced to an exi^ession suitable for application 
to experimental data. . Equation (12) can also he given as 


1% 





K fs M. 


(x + ^ 


. 1/2 


(13) 


vhere E Is the term 


Ls<ir(‘ 


.-1 


73+1 




Mv is 


, /r, 7r\1/2 

If the quantity n ( _£.| is assumed constant and If 

\®6 ^3/ 

sufficiently small that second order teims of can he neglected, 

then the value of E In equation (13) can he assumed ocmstant. If 
the ri^t side of equation (13) Is multiplied and divided hy Pg 
and if the general expression relating the total and static pres- 
Bxuces and the Mach number Is applied, equation (13) hecomes 



K 


“6 




’’6-^ „ 2) 


~T70+iT 

2 Tv ^ 


(14) 


% 


The relation given hy equation (14) Indicates that for a given 
area ratio between the exhaust -noz zle throat and the combust ion- 

ohamber Inlet, the parameter / _§. Is a function of and 

/ V ^3 

P 0 /P 3 . Before ohokliig occiirs at statical 6 , the quantity %/y ~ 


00 
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vlll Increase as Mg Increases If the ratio Pb/]^ Is held con- 
stant. jtfter choking occvtrs at station 6 , beocanes and reanalns 
approilmateljr equal to 1 . 0 ; If the ratio P 5 /P 3 Is fixed, the 

A /^6 

quantity i^/W _ therefore also beoames constant. For con-venlenoe 

[t~ ^ ^ 

^ can be expressed as a function, cf Hq, Inasmuch as Ng 
Hq (reference 5). After the engine Is ohcdced, 

A 

^ — become constant «nd do not tstt irith Mq 


«3 


T3 

Is a function of 


howoTor, M 0 and 


Experimental Terif Icatlon 




The variation of -S. with Mq for a tTplcal 20-lnch 

Tx 

ram Jet vith a 15-lnch and a 17-lnoh diameter eXhanst nozzle la 
given In figure 7. The approximate pressure altitudes at idiloh 
the data vere obtained are indicated. As vlth the data presented 
for the statlo-presBiure-dTOp method of determining t, T. Is 


assumed equal to T^. 

The condition at uhloh 
In figure 7. At a fixed -area ratio 



beocanes constant Is shown 
Ag/A 3 , any changes in the 


pressure drop between stations 3 and 6 caused bF a variation In 
the fuel-lnjeotor, flame -holder, or combustlon-ohainber length, 
will dlsf)lace the curve. The large shift in the curve caused bj 
changing the exhaust -nozzle diameter from 15 to 17 Inches Is due 
primarily to the change In area ratio Aq/a^, and secondarily, 
to an acooD^anT’ing change in the pressure ratio Pg/P^ (refer- 


ence 6 ). Xt might be expected that for a given exhaust -nozzle 
diameter, vetrlatlons In pressure loss caused by changes in t 
would scatter the data; however, the curves indicate that over 
the range of t and H 3 Investigated this effect Is negligible. 


Also presented in figure 7 are two theoretical curves based 
on equation (14) of this report and equation (13) of reference 5 
for a 20-inch lem Jet with 15- and 17-lnoh exhaust -nozzle diam- 
eters. It was assumed that the second-order terms of M 3 can be 
neglected and that Pg/P 3 *»lj R 3 C 53 . 3 , Rg»53.8, 
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75 B 1>4> and. 70 a 1.3. Tha dlaplaoement of the experimental 

data from these . theoretical ourres is due prlmarllj to the total- 
pressurs losses encountered in the actual engine. 

For an 7 giyen engine for uhlch a oiirye similar to those shown 
in figure 7 is availahle^ the value of T 0 or T can he easily 

deteznlned. m <»?der to obtain the value of Tg, only the values 

of *%> Ti, and JMq known. If the value of t is 

desired, only and need be measured. Once the ram Jet is 

cholosd, the actual value of Mq is not needed to determine either 

Tg or T. 


Application 

The x*elatlon between t, and has four applications 

to ram Jets a given design and geometry: 

( 1 ) A T-mster and f ineQ.-gas-tempe3rature indicator 

( 2 ) Fuel-metering control to penult presetting of t before 
take-off or Its variation in fli^t 

( 3 ) A combustlon-chamber-lnlet Mach nuniber control to limit 
or vaxy by controlling t throu^ changes in fuel flow 

(4>) A supersonic-diffuser sliock-positloning ccmtrol to 
operate by controlling at the pertinent vedue for a given Hq 

The fourth application will not be discussed. 

As with the static -pres sure -drop method of detexmlnlng t, 
two general Tnaeter designs are ]nresented tliat also provide the 
basis for a fuel -metering control. The first design Is mechanical, 
idiereas the seo<md design uses an electrical circuit to indicate 
values of t. These designs are for supersonlo-f li^t applications 
only. From the f\iel -metering aspect, the designs are again devel- 
oped to -the point where an Indication is given if a cliange in fuel 
flow Is required and the meclianism of actually changing the fuel 
flow will not be discussed. 

Tile supersonic portion of the curves cm figure 7 can be 
expressed as 



( 15 ) 


t 
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Because the yelocltlea enoouutered at station 3 In ram Jets 
are lev enough to na^eot oonpresslbll lty effec ts. K- can he 


glren vltli reasonable accuracy by 

■ 73 PS 

egjuabion (15) becemes 


Assuming a con- 


stant Talne of 7 , 


3 ' 


uiiere B' 


2 


^ **■ 


?or a constant Talue of t , eg.natlon (16) reduces to 


(16) 


» B (17) 


vhere B equals UL. 

T 

AS prenously discussed^ expressed In beims 

of ^ measurCTents at station 3 are difficult to obtain. 

(See equation ( 6 ).) 


The schematic diagrams of T-meters based on equation (16) are 
shovn in figure 8 . Figure 8 (a) presents a design xislng mechanical 
principles «nd figure 8 (b) a design using a Bheatstone bridge cir- 
cuit. Both units nmst be operated In a sealed container maintained 
at a constant internal pressure in order to eliminate the effect 
of Tarlable ambient presamre on the unbalanced bellows. The oper- 
ating principles and. tecbnlques of these designs are the same as 
those discussed for the T-meter designs presented for the statlc- 
pressu27e-drop method of determining t. Bo modification of these 
deslgos is required for Idielr use in limiting oombustlon-ohamber- 
Inlet Mach number. It requires only that a mlnlTmun value of T be 
imposed^ thus limiting the maximum M 3 that will occur. 


(X)]SCIDSIO]f 

Two effective wfima are available for determining the total- 
temperature ratio T across a ram Jot or across a turbojet tail- 
pipe burner^ as well as -Uie final gas temperature -fdien simple 
direct temperature measurement Is not possible. The first method 
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Is 1)ased on a relation betveen the total -temperattire ratio and the 
static -pressure drop aoross the CGoObustlon chamber. Only fixed 
combustion-chamber geometry cmd configuration are required emd 
Tarlatlon In exhaost-nossle-exlt area is tolerable. There Is no 
discontinuity in the relatlc^ at chohlng and It la Independent of 
actual values of altitude^ airspeed^ fuel-ed.r ratlo^ and combustion 
efficiency. 

The second method Is based on a relation betveen the total- 
temperatiire ratio and the combustlon-chainber-lnlet Mach number and 
the free~stream Mach number. This relation requires fixed engine 
gaonetry and fixed Internal frictional losses and la discontinuous 
at choking. 

Additional T-meter designs undoubtedly can be comcelTed that 
use mechanical or electrical devices, a combination of both, 
actuated by pressures directly or by pressure differences. The 
purpose of this paper, however. Is not to describe all the possible 
devices, but to Indicate that both the aforementioned relatlcms can 
be used to evaluate t. Inasmuch as most current turbojet talli- 
plpe-btimer designs have constant -axes combustion chambers, the 
methods of T evaluation and fuel*meterlng control suggested can 
be applied to turbojet engines with tall -pipe burning as veil as 
to ram Jets. *" 

Some precautions must be observed in the use of T as a con- 
trol variable. First, an overriding control Is required to limit 
the fuel flow to that value at vhlch maximum T occurs. If the 
fuel-metering control calls for an increase In t after the maxi- 
mum T has been reached, further Increases in fuel flow may cause 
T to decrease and continue to decrease as the fuel flow is 
Increased. 

Secondly, the fuel-alr-ratiu range at vhlch a ram Jet Is oper- 
ated may soanetlmes be fixed by the operational limits of the con- 
figuration rather than by the maximum T veQ.ue attainable. In 
such cases the overriding control may be set for a limiting fuel- 
flow range Instead of merely a maximum fuel flow. 

An additional restriction of a maximum final gas temperature 
may also be imposed cxl the control. Such a restriction results 
from materials and cooling limitations. With this restriction, 
the T -measuring element of the control can be used to Indicate 
the final gas temperature and a temperature-limiting feature can 
be added to the overriding control. 


Flight Propulsion Besearoh Laboratory, 

National Advisory Cosmnlli^ee for Aex*onautlca, 
Cleveland, Ohio *' 
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AFPESDIZ - THEQEBTICAL AMLZ5IS 

order to prorlde the has is Tor a studj- of the temperature 
Increase in. the gases f Icnrlng through a ram Jet and to provide 
methods of evaluating this Increase vlthout direct temperature 
measurement., a theoretical analysis must he made to deten&lne the 
effect of heat additlcai to gases f loving In a constant-area tube. 
The type of supersonic diffuser used is Independent of the analysis 
to he developed. The analysis assumes a nonylscous one -dimensional 
oompreBslhle fluid and is presented In a manner that is moat useful 
for the applications discussed herein. 

The espresslon for the conservation of mass hetveen stations 5 
and 5, the cccihustlon chamber, (fig. l) Is given as 

^3 ^3 “ P 5 ^ ^5 (Ala) 

If fuel Is added after station 3, equation (Ala) hecomes 




P3 



P 5 ^ ^5 


(Alh) 


Sut 


and 


T - M 



(A2) 

(A3) 


By oomhlnlng equations (Alh), (A2), and (A3), the follovlng rela- 
tion Is obtained 




(A4) 


■where 




“3 
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Inasmuch as 


t 


T 


(AS) 


equation (A4) can therefore 1 m vrltten as 




P5 ^5 ' ^3 '' 


“3U3/ + 


(Afi) 


Because A 3 = A 5 , If an 7 mcuentum effects due to fuel addi- 
tion after station 3 are neglected^ the oonaerratlon of nomentum 
hetveen stations 3 and 5 laay be glren eus 


^5 + P3 V - P5 + P5 ^ 5 ^ 

vhlch beccsnes. In tezns of Mach number^ 

P3 _ It 75 V 
1>S ° 1 t 73 1^2 


(A7) 


(AS) 


Substituting equation (AS) Into equation (A 6 ) gives the following 
express icn: 



1/2 

“3 '^’■3 '' 1 t 7 s1%2Vi + !|i ,^2/ 


(A9) 


Sqiiatlon (A9) gives the variation of Mach mmsber aoroaa a constant- 
area combustion tube due onlj to heat addition and does not include 
any pressure losses caused by shell friction or by the burner. 

By rearranging the temis of equation (A7), the following equa- 
tion Is obtained: 


M 
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Ps ~ % P 5 ^5^ 
P3 “ P3 ^ 3 ^ 


(AlO) 


Then., "by suhstitutlng frca equations (A2), (A3), and (AS), equa- 
tion (MO) can he given in tezios of M^h number as 


P3 ~ ^5 ^ / I + 75 M 5 ^ V %^ 7 s \ „ 2. 

243 “vi + 75 i^ 2 Ai ^2 


(All) 


Equation (All) is an express Itm for the static -pressure -drop coef- 
ficient in a constant-area tuhe^ due only to heat addition. A 
similar expression can also he derived, if desired, for the total- 
pressure -drop coefficient. (See reference 8.) 
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Figure I. - SchoMatic diagram of conventional ran Jet. 
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Figure 4. - Theoretical variation of comoustion static-pressure-drop co 
efficient — ^ with for various values of combustion- 

2qj “ VRj Tj/ 
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Total-tenqperature ratio across engine, Tg/T^ 

Ca) 8ofoot eonfeustlon chamber and cmverglng eaiiatist nozzle 
with 15-lnch exit diameter* 

Figure' 5. — Variation of f i ame-ho i der and over-al i combustion-chamber 
static-pressure-drop coefficients with total -temperatu re ratio across 
engine for 20- inch ram jet. 
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Figure 5. - Continued. Variation of flame-holder and over-all combus- 
tion-chamber static-pressure-drop coefficients with total - temperatu re 
ratio across engine for 20- inch ram jet. 
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(e) 8-foot combustion ctonber and converging exhaust nozzle 
with 18#-lnoh exit diameter. 


Figare 5.* - Continued. Variation of flame-holder and over-all combus- 
tion-chamber stat i c-p ressu re— d rop coefficients with total-temperatu re 
ratio across engine for 20-inch ram jet. 
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(d) 5>foot combustion ohaniber and converging exhaust nozsle 
with 16-inoh exit diameter. 

Figure 5. - Continued. Variation of flame-holder and over-al I combus- 
tion-chamber stat i c-p ressure-d rop coefficients with total -temperature 
ratio across engirje for 20- inch ram jet. 
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(e) 5*foot combustion chamber and converging esdiaust nozsle 
with 17-lnch exit diameter. 


Figure 5. - Concluded. Variation of f I ame-hol der and 
tion-chamber stat ic-p ressu re-drop coefficients with 
ratio across engine for 20- inch ram jet. 
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(b) Suggested electrical design suitable for application to fueUmetaring control. 

Figure 6. ~ Concluded, •v-neter based on combustion-chamber statlc-pressu re-drop method of deter- 
mining T. 
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Equivalent free-itreaa Mach mndber, Mq 


Figure 7. - Variation of combustion-chamber - 1 niet Macn number parameter equivalent 

free-stream Mach number Mq for 20- inch ram jet with 8-foot combustion chamber. 
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(b) Suggested electrical design suitable tor application to fuel -metering control. 

Figure 8. - Concluded. T-meter based on r-ornbustlon-chamber-inlet Mach number method of determining t. 


NACA RM NO. E7H27 



